We present a comparative study of ultrafast photoexcited state relaxation in pentacene single crystals and in pure and C 60 -doped pentacene films using optical pump-probe spectroscopy. The photoinduced absorption spectra in pentacene crystals is consistent with a dominant singlet-triplet fission decay channel for above-gap excitation. This decay channel is suppressed in thin films and even further suppressed by electron trapping in C 60 -doped films. Thus we show that suppression of triplet state production, which is necessary for free carrier formation and thus photovoltaic and photodiode performance, is controllable via sample morphology.
Introduction
The strong potential for the use of organic semiconductors in technological applications as an alternative to inorganic semiconductors has in recent years spurred a tremendous research effort in such materials [1] [2] [3] . Applications include thin-film transistors [4] , light-emitting diodes [5, 6] , lasers and solar cells [7, 8] . In order to successfully implement organic materials in these technologies it is vital to understand the photoconductive properties as well as the nature of the photogenerated states including their relaxation dynamics. Furthermore, it is important to understand the nature of defects and impurities, the presence of which may obscure the study of intrinsic properties and inhibit device performance [9, 10] .
Exposure of an organic semiconductor to light above the absorption edge gives rise to various photoexcited species. There is an ongoing debate in the literature as to the nature of these photoexcitations and their relaxation dynamics. This includes details of exciton formation versus the generation of charged polarons or free charge carriers [11] [12] [13] [14] [15] [16] [17] [18] . These processes are important in determining the behavior of many organic semiconductor-based devices such as solar cells and photodiodes. Organic polymers, such as poly(p-phenylene-vinylene), have been extensively studied providing observations of polarons, interchain excitons (indirect excitons or bound polaron pairs), self-trapped excitons, triplet excitons and charge transfer dynamics [19] [20] [21] [22] [23] [24] . In contrast to organic polymers with long chains, organic molecular crystals consist of shorter molecular units and form well-defined crystal structures. The intermolecular interactions are weak, and the excitons are largely confined to single molecules resulting in large exciton binding energies [25] . Polyacene organic crystals such as pentacene (Pc) are model systems for studying the intrinsic properties of exciton dynamics.
Pc molecules consist of five benzene rings fused along their sides and arranged in a herringbone stacking arrangement with two molecules in each unit cell [2] . Pentacene is opaque and is nonluminescent [26] . In the polyacene series of organic crystals, the energy level of the lowest triplet exciton EðT 1 Þ decreases faster than the lowest singlet exciton energy EðS 1 Þ with increasing molecular size. The energy difference EðS 1 Þ À 2EðT 1 Þ is À1:3 eV in napthalene (Nph), À0:55 eV in anthracene (Ac), À0:21 eV in tetracene (Tc), and 0:11 eV in Pc [26] . In Pc, the excitonic fission process from the lowest singlet exciton to a pair of the lowest triplet excitons S 1 -2T 1 is energetically allowed, while in Tc this same process is only possible by thermal activation. This process is strongly suppressed in Nph and Ac. An energy level diagram for Pc is presented in Fig. 1 . Direct fission from higher-lying singlet states, S N -2T 1 , is another probable relaxation channel which competes with nonradiative relaxation to the lowest excited state, S 1 [1] . Charge transfer processes, resulting in carrier generation, compete with both singlet and triplet exciton formation. In some device applications, such as solar cells and photodiodes it is beneficial to enhance carrier generation.
ARTICLE IN PRESS
In this paper we present a comparative study of the ultrafast dynamics in Pc single crystals and films using optical pump-probe spectroscopy. In particular, we excite the samples with above gap optical pulses and study the induced changes in optical properties over a wide range of photon energies (from 0.6 to 2.5 eV) aiming to follow various relaxation channels as depicted in Fig. 1 . We show that in Pc single crystals the dynamics is dominated by singlet-triplet fission. However, in undoped and C 60 -doped Pc films, the triplet production is quenched, suggesting that the presence of defects (electron acceptors) results in competing charge transfer dynamics.
Results and discussion
The Pc crystals used were grown in a flow of inert gas. They were typically 3 Â 3 mm 2 and approximately 50 mm thick. The Pc films were evaporated onto 10 Â 10 mm 2 MgO substrates, with a film thickness of $150 nm. One of the films was doped with $0:03% of molecular C 60 .
In these experiments we utilized a commercial-based regeneratively amplified Ti : Al 2 O 3 laser system operating at 250 kHz producing nominally 10 mJ, sub-50 fs pulses at 1.5 eV. The samples were excited at 3.0 eV (high above the absorption band of $1:9 eV in Pc) with an excitation fluence of up to $150 mJ=cm 2 , and the photoinduced (PI) changes in reflectivity DR=R (crystals) and transmissivity DT=T (films) were measured over the range of probe photon energies from 0.6 to 2.5 eV using an optical parametric amplifier. The probe pulse polarization was optimized for maximum signal along the long molecular axis. Fig. 2 presents the induced reflectivity traces recorded on Pc single crystal at selected probe photon energies following photoexcitation with 50 fs optical pulses with a 3 eV photon energy. The sub-ps rise is followed by an initial ps decay process after which a quasi-equilibrium is reached with a decay much longer than 1 ns. This long-lived photoinduced absorption (PIA) is centered at $1:4 eV. The recovery of the induced change in reflectivity (transmission) at low and high photon energies with a $1Àps exponential decay can be associated with S 1 -S N optical transitions. The internal conversion from S N to S 1 is reflected in the 1.07 eV data with an exponential decay with a $0:55 ps time constant.
The transient PI spectrum of the Pc crystal is shown in Fig. 3 (a) at different times after photoexcitation. The most prominent feature is a long-lived (b1 ns) PIA peak centered at approximately $1:4 eV. The long relaxation time and the characteristic energy scale suggests that the state being probed is the triplet state T 1 (T 1 -T N ), i.e. the PIA from the occupied T 1 level to a higher-lying unoccupied excited state T N [27] .
The attribution of the long-lived PIA to the triplet production in Pc crystals is substantiated by probing the temperature dependence of the T 1 -T N transition with a probe energy of 1.44 eV. No temperature dependence was observed. This is expected, since EðS 1 Þ42EðT 1 Þ and EðS N Þ42EðT 1 Þ. Furthermore, in the same measurements on Tc single crystals [28] , where similar to Pc a longlived PIA peaked at 1.7 eV is observed, a pronounced temperature dependence of this PIA is observed. In Tc, the PIA is enhanced at high temperatures, with its temperature dependence following a thermally activated behavior, in accordance with the triplet production scenario for polyacene crystals and the energy level diagram for Tc [28] .
The initial ultrafast dynamics observed on a sub-ps time scale involves both S N -2T 1 fission and S N -S 1 internal conversion in the singlet manifold. The time scale of the S N -2T 1 fission is $0:7 ps and is temperature independent. Assuming an efficient triplet production in Pc crystals (neglecting charge generation [29] ), an initial singlet-exciton concentration of 2:2 Â 10 17 cm À3 (calculated from the excitation fluence) yields close to 4:4 Â 10 17 cm À3 triplets. The transient PI spectrum of Pc films, shown in Fig. 3(a) , resembles a previously obtained spectrum published in Ref. [29] , and the steady state absorption spectrum (not shown) is identical to the one given in Ref. [13] . In contrast to Pc crystals, the PI spectrum in Pc films is dominated by sharp features at higher energies, while the long-lived PIA centered at $1:4 eV is substantially reduced. At room temperature we observe PI bleaching peaks at $1:8 and $2:1 eV, and a PIA peak at $2:0 eV. Their decay dynamics consists of two contributions; a fast exponential $0:4 ps decay followed by a sub-ns decay. The $1:8 and $2:1 eV are assigned to S 0 -S 1 and S 0 -S N transitions, respectively. With lowering the temperature, the smaller 2.0 eV PIA peak transforms into a narrower and substantially larger PIA peak at 1.9 eV (see Fig. 4 ). This PIA peak at $1:9 eV persists well into the ns regime. This strongly temperature-dependent PIA observed at $1:9 eV is attributed to S Importantly, the same dynamics and spectral features as in films are observed also in the C 60 -doped Pc film as shown in Fig. 4 . The main difference between the two is that the spectral features above $1:7 eV are in C 60 -doped Pc film enhanced by $1:5 times, while the PIA at $1:4 eV is further suppressed. With C 60 being a known electron acceptor, this observation further lends support to the assignment of the $1:9 eV absorption peak to charge transfer due to electron traps intrinsic to Pc films. The trapping of electrons breaks apart excitons, leaving behind free holes, and causes a charge-separated state to be formed [30] .
The long-lived T 1 -T N transition at $1:4 eV, clearly prominent in the Pc crystal, is strongly suppressed in the Pc film, Fig. 3(b) , where only a minor feature with sub-ns dynamics is observed which vanishes at low temperatures. Considering the identical dynamics, temperature dependence and an enhancement of the spectral features in the C 60 -doped Pc film as compared to the undoped Pc film, we attribute the quenching of the long-lived PIA at $1:4 eV to be due to ultrafast charge transfer dynamics related to electron traps in the Pc films.
Conclusions
In addressing the importance of the ultrafast processes we find singlet-triplet fission being the dominant process in Pc crystals with the display of a prominent long-lived PIA peak due to photogenerated triplet excitons created via S 1 -2T 1 and S N -2T 1 fission. Triplet exciton production is found to be independent of the lattice temperature, in contrast to Tc where it is strongly temperature dependent in agreement with the thermally activated S 1 -2T 1 fission process [28] . In comparison to Pc crystals, we find that in Pc films the triplet production is quenched and the dynamics is largely dominated by charge transfer processes originating from defects (electron acceptors). This assignment was further supported by measurements on C 60 -doped Pc films, where further suppression of the long-lived PIA centered at 1.4 eV is observed. With C 60 being a known electron acceptor, these data lend further support to association of observed changes in the photoinduced spectral shape and its dynamics in films (as compared to crystals) to charge transfer processes.
We have shown that defects can cause triplet quenching and enhanced carrier generation. Recent studies have shown that even the best single crystals used in FETs based on these smallmolecule systems have a large density of defects [31] . Depending on the device application, it may be desirable to either enhance or suppress carrier generation. This suggests that especially for power and light generation, organic heterostructures will need to be composed of controlled defect-concentration material. The results of Pc crystals and films demonstrate the sensitivity of exciton dynamics to defects. Importantly, we have demonstrated how sample morphology may control relaxation behavior and charge transport in an organic semiconductor by effectively turning fission decay channels on and off.
